Oceanic islands of volcanic origin provide useful templates for the study of evolution because they are subjected to recurrent perturbations that generate steep environmental gradients that may promote adaptation. Here we combine population genetic data from nuclear genes with the analysis of environmental variation and phenotypic data from common gardens to disentangle the confounding effects of demography and selection to identify the factors of importance for the evolution of the insular pine P. canariensis. Eight nuclear genes were partially sequenced in a survey covering the entire species range, and phenotypic traits were measured in four common gardens from contrasting environments. The explanatory power of population substrate age and environmental indices were assessed against molecular and phenotypic diversity estimates. In addition, neutral genetic variability (F ST ) and the genetic differentiation of phenotypic variation (Q ST ) were compared in order to identify the evolutionary forces acting on these traits. Two key factors in the evolution of the species were identified: (1) recurrent volcanic activity has left an imprint in the genetic diversity of the nuclear genes; (2) aridity in southern slopes promotes local adaptation in the driest localities of P. canariensis, despite high levels of gene flow among populations.
INTRODUCTION
Discerning the effects of demography and selection on the evolution of organisms has been a key research goal in population genetics since the development of the neutral theory of molecular evolution (Kimura, 1968) . One way to demonstrate the action of selection and thus local adaptation is to test for clinal genetic variation along environmental gradients (Grivet et al., 2011; Mosca et al., 2012) . Genetic patterns of local adaptation can be detected by identifying correlations between patterns of allele frequencies and environmental variables, which can act as selective agents promoting natural selection (Hancock et al., 2010) . Robust signatures of local adaptation can also be estimated from the association of environmental variables with phenotypic characters obtained from common gardens, or with non-neutral coding regions of candidate genes. The argument for selection becomes particularly strong if a correlation can also be shown between the phenotype/genotype of interest (for example, time of bud set) and a measure of fitness (for example, number of surviving offspring; Hancock and Di Rienzo, 2008) .
However, detecting environmental associations of genotypes and phenotypes depends on the spatial scale examined, and the associations have to be controlled for clines generated by neutral processes (for example, Coop et al., 2010) . Patterns of variation in neutrally evolving genomic regions are mainly influenced by the demographic history of a population.
Oceanic islands have long been recognized as natural laboratories for the study of evolutionary processes (Emerson, 2002) . The volcanic origin of oceanic archipelagos generates extremely heterogeneous environments that may promote diversification of organisms through adaptive radiation (Schluter, 2000) . In such landscapes, environmental conditions can drastically vary among adjacent localities and steep environmental gradients can be generated, potentially shaping the distribution of genetic diversity across populations (Savolainen et al., 2007) . Classical population genetics theory predicts that heterogeneous environments can selectively maintain more variation within populations of the same species than non-heterogeneous environments (Levene, 1953; Dempster, 1955; Hedrick, 2006) . However, although volcanism has been invoked as one of the main factors driving the evolution of organisms inhabiting oceanic islands (Juan et al., 2000) , few studies provide apparent demographic or selective signatures of volcanic activity on genetic diversity (for example, bottlenecks or local adaptation to newly created ecological niches) of plant species.
The Canary Islands form an archipelago subjected to active volcanism since at least 20.6 My BP . The intensity and recurrence of volcanic events vary widely among and within islands (Juan et al., 2000 ; see references in Table 1 ) and, along with habitat heterogeneity and erosional events, are thought to be the main historical determinants of both the genetic diversity and ecology of the Canarian biota (Emerson, 2003; Navascués et al., 2006; de Nascimento et al., 2009; Ló pez de Heredia et al., 2010) . Environmental clines are evident in the Canary Islands: (1) latitudinal clines are related to the exposure to the trade winds in the north-facing slopes that induces changes in humidity (Climent et al., 2002) ; (2) xericity varies to some extent along a longitudinal cline. The emergence of the islands followed an approximately E-W chronology since the c. 23 My BP uplift of Fuerteventura until the c. 1 My BP emergence of El Hierro (Table 1) , with much intervening volcanic activity affecting the evolution of the Canarian biota. Recent volcanic activity has been reported in El Hierro (2012 , La Restinga), La Palma (1971 and Tenerife (1909, Chinyero) . In the last 500 years, no volcanic activity has been evidenced in Gran Canaria (Anguita et al., 2002) , which has long been subjected to intensive erosive processes since the Roque Nublo eruptions c. 5.5-3.5 My BP.
The Canary Island pine (Pinus canariensis Chr. Sm. Ex DC in Buch) has one of the most restricted distributions of any of the more of the 100 species of the genus Pinus. It is endemic to the Canary Islands, growing across contrasting habitats, from xeric conditions, with barely 300 mm of annual rain in the southwestern slopes, to mixed forest with the monteverde (that is, humid forest of laurel-like trees and shrubs) in northeastern slopes, influenced by the humid trade winds and with 41200 mm of annual rain. It has an altitudinal range from 200 to 2400 m a.s.l., and it is able to live in volcanic lava flows or pyroclastic deposits of salic nature (del Arco et al., 1992; Pérez de Paz et al., 1994; Climent et al., 2002) . P. canariensis exhibits a remarkable propensity for colonization, particularly in open forests resulting from disturbed pinewoods (Ló pez de Heredia et al., 2010) or during the early stages of newly developed bare soils. The invasive character of the species results in extensive gene flow (Schiller et al., 1999; Gó mez et al., 2003; Navascués et al., 2006; Vaxevanidou et al., 2006; Navascués and Emerson, 2007) and a lack of population genetic structure. The most accepted theory is that P. canariensis colonized individual islands as they emerged, following E-W colonization pattern (Navascués et al., 2006) . However, local extinctions of the Gran Canarian populations due to catastrophic volcanic episodes are commonly acknowledged (Emerson, 2003 ; but see Anderson et al., 2009 for an alternative hypothesis), and W-E re-introductions are also possible.
The environmental heterogeneity and recurrent disturbance within the Canary Islands provide fertile ground for selective pressures, which may lead to long-term local adaptation (Savolainen et al., 2007) . To disentangle the effect of neutral demographic and selective processes, the comparison of differentiation of neutral markers (F ST ; Wright, 1951) and quantitative trait divergence (Q ST ; Spitze, 1993) has been widely used.
In this study we combine a population genetics approach using nuclear genes with the analysis of environmental variation and phenotypic trait data from field trials to disentangle the confounding effects of demography and selection for P. canariensis to identify the process of importance within the evolution of the species. Our first hypothesis is that the volcanic history of the Canarian archipelago leaves signatures of demographic processes linked to colonization within genes belonging to basal metabolic pathways. We assess this hypothesis using a coalescent approach to estimate effective population size and migration parameters. Our second hypothesis is that there will be signatures of local adaptation to aridity within P. canariensis. We assess this hypothesis by comparing neutral 
MATERIALS AND METHODS

Landscape characterization
Twenty-four populations of P. canariensis were chosen across the natural range of the species (Table 1) . Altitude (Al) and UTM coordinates were scored for each population with a GPS (Trimble, GeoExplorer 2005 series). Chronostratigraphic dating of the lava flows or landslides supporting the pine forests were estimated as a proxy of substrate age (Sa) where populations occur, based on the available literature (see references in Table 1 ). Environmental variables of sampled populations were obtained from the Spanish network of meteorological stations AEMET and from the Canarian GIS database GRAFCAN (DelArco et al., 2006) . These data included Al, average seasonal precipitation (P sp , P sum , P au , P win ), maximum precipitation in 24 h (P max24 ), mean t, minimum (T min ) and maximum temperature (T max ), average seasonal temperature (T sp , T sum , T au , T win ), annual temperature range (T ar ), seasonal potential evapotranspiration (ETP sp , ETP sum , ETP au , ETP win ), solar radiation, ground frost frequency, potential soil erosion and length of drought period (LDP). Since many of these variables are strongly correlated, principal component analysis was used to reduce the number of dimensions for the whole set of climate variables with a Varimax rotation as implemented in the software STATISTICA 7.0 (StatSoft Inc., Oklahoma, USA). We examined the correlations between the principal component (PC) scores, the longitude, the latitude and Sa using the Spearman's rank correlation coefficient.
Sampling and sequencing
Only old mature trees with a diameter at breast height 450 cm were sampled, as they are considered to be older than the reforested plantations that have occurred from 1950 (del Arco et al., 1992; Pérez de Paz et al., 1994) . Needles from 24-26 trees in 20 central populations and from 3-10 trees in four marginal populations were collected for DNA extraction and nuclear gene sequencing. Genomic DNA was extracted from the needles using the Invisorb Spin Plant Mini Kit (STRATEC Molecular, Berlin, Germany). Amplicons from eight nuclear genes (Table 2) were obtained using previously published primer pairs transferred from P. pinaster (Grivet et al., 2011) , P. sylvestris (Palmé et al., 2008) , P. taeda (Brown et al., 2004) and from several species of subgenus Strobus (Tsutsui et al., 2009 
Haplotype inference and genetic diversity
After Sanger sequencing, multiple sequence alignments were obtained using CLUSTALW on the BIOEDIT software (http://www.mbio.ncsu.edu/BioEdit/ page2.html). Data for the eight nuclear loci were obtained from diploid individuals that often included multiple heterozygous positions. Potential biases in heterozygote detection or sequencing errors were checked visually. The program PHASE (Stephens et al., 2001 ) was used to estimate the two haplotypes in the case of heterozygous individuals. Molecular diversity statistics was computed for each nuclear gene region, population and island with DnaSAM 5.1 (Eckert et al., 2010a) . Nucleotide diversity was estimated with both y p (Nei, 1987) , based on the average number of pairwise differences between sequences, and y W (Watterson, 1975) , based on the number of segregating sites (S). Haplotype diversity was estimated using H d statistics of Nei (1987) . The frequency of rare haplotypes (g rare ) within populations was scored as the sum of frequencies of those haplotypes with go0.1. The frequency of SNPs in the coding and non-coding regions of the genes was computed for further correlation with environmental variables (see below). Departure from neutrality for each gene was evaluated considering all sequenced gametes in each amplicon, using as outgroup one sequence from P. pinea from a common garden in Central Spain. Tajima's D (Tajima, 1989) , normalized H (Fay and Wu, 2000) and normalized E (Zeng et al., 2006) summary statistics was calculated to detect departures of the site frequency spectrum from neutral expectations. The significance of each test statistic was determined by comparing them with the distribution of 50 000 coalescent simulations under Wright's island model using the package ms (Hudson, 2002) . Expectations of Tajima's D and normalized E are nearly zero in a constant-size population; significant negative values indicate a sudden expansion in population size, whereas significant positive values indicate processes such as a population subdivision or recent population bottlenecks. Conversely, normalized H is not sensitive to population expansions, and combining both statistics allows one to distinguish between population expansions and purifying selection.
In addition to site frequency spectrum statistics, we used the MFDM test (Li, 2011) to detect positive selection. This test has proven to be analytically and empirically free from the confounding effect of varying population size, Evolution of Pinus canariensis U López de Heredia et al including recent expansions. The test uses the maximum frequency of derived mutation in the sample to detect the presence of an unbalanced tree at a locus, which implies that a nearby locus may have experienced positive selection.
Population genetic structure and gene flow
Multilocus phased data were analysed with BAPS 6.0 (Corander et al., 2008) , which implements a Bayesian clustering algorithm to estimate the number of genetic clusters. The program was ran 10 times for K ¼ 1-6 groups on the phased haplotypes across all genes. A Neighbor-Joining tree of the significant genetic clusters was constructed with the Nei divergence matrix provided as output with BAPS, and the frequencies of the inferred clusters within populations were mapped. To assess partitioning of genetic variability between individuals, populations and islands, we used Arlequin 3.5 (Excoffier and Lischer, 2010) to perform hierarchical analyses of molecular variance for each locus and compute matrices of pairwise F ST values between populations. We tested for isolationby-distance (that is, the regular increase in genetic differentiation among individuals with geographical distance due to limited dispersal) with Mantel tests between the matrices of geographic distance and F ST between populations for each gene (significance over 1000 permutations).
Unphased sequences were entered in MIGRATE 3.2.1. (Beerli, 2012) in order to jointly estimate the effective population size (& i ) and the number of immigrants (M ij ) and emigrants (M ji ) for each population i using a maximum likelihood approach based on coalescence. An identical migration potential was assumed because the Mantel test showed no geographic structure (see Results). Migration parameters were scaled by mutation rates estimated from the data. We ran 10 short chains and three long chains with 4 Â 10 5 sampled and 4 Â 10 3 recorded genealogies, and discarded 25% of them as burn-in at the beginning of a chain. After assessing chain convergence, multiple chains were combined for final parameter estimates.
Environmental variation of genetic diversity
We examined the correlations between population diversity parameters (H d and p), haplotype and single nucleotide length polymorphism (SNP) frequencies, PC scores, geographic variables and chronostratigraphic dating of the substrate where pine populations occurred to detect gradients of genetic diversity. Only SNPs with significant among-population changes in frequencies (45%) were considered as being potentially subjected to selection. Spearman's rank correlation coefficient was used because it does not assume a linear relationship between the variables. The Bonferroni correction for multiple comparison tests was applied with a bootstrap of 10 000 iterations. In order to detect spurious correlations between SNPs and environmental variables that could be due to population history rather than selection, we used the Bayesian approach described by implemented in the program BayeScan (Foll and Gaggiotti, 2008) . BayeScan assumes an island model of demography and scans for local adaptation in SNP frequency data by separately modelling a population-specific effect b and a locus-specific effect a that is sensitive to the strength of selection acting on a particular locus. For each SNP, BayeScan estimates the posterior distribution under neutrality (a ¼ 0) and separately allowing for selection (aa0). The posterior odds ratio is a measure of support for the model of local adaptation relative to neutral demography and may be interpreted according to the scale of Jeffreys (1961) . We used the following parameters: prior odds ratio ¼ 10; pilot runs ¼ 20; a burn-in of 50 000 iterations followed by 50 000 output iterations with a thinning interval of 10 resulting in 5000 iterations for posterior estimation; false discovery ratio is 1%.
Evidence for local adaptation
Evidence for local adaptation based on phenotypic measurements can be obtained by comparing neutral differentiation (F ST ) from neutral nuclear genes with phenotypic differentiation (Q ST ) from traits measured in common gardens. Nineteen out of the 24 populations sampled were represented in four common gardens in the Canary Islands. Survival and growth parameters (height, basal diameter and frequency of second flush) were measured during the first 6 years after trial establishment (Ló pez et al., 2007) . Q ST was calculated for phenotypic traits, partitioning the total additive genetic variance into the among-population (s B ) and the within-population (s w ) components:
where h 2 is narrow sense heritability and n is the number of common gardens. There are no published values of heritability for P. canariensis; thus, we implemented a simulation procedure to evaluate the influence of heritability values in the range 0.2-0.8 on the Q ST .
The variance components-variance of the population (V a ), variance of the population Â common garden interaction (V ab ) and residual variance (V e ) for height and diameter-were estimated using the residual maximum likelihood option of the VARCOMP procedure in SAS 9.1 (SAS/STAT Software, SAS Institute, Cary, NC, USA). The variance components for survival and frequency of second flush were calculated with the glimmix macro of SAS assuming binomial error distribution and a logit-link function following the model:
where Y ij stands for the value of the ith population (a) at the jth common garden (b) in the kth block (g). The populations were arranged following a randomized complete block desing; m is the overall mean and e is the experimental error. Confidence intervals and distribution for Q ST estimations were assessed with a parametric bootstrap procedure (1000 samples) outlined in Whitlock (2008) with replacement at the individual level within population. In addition, confidence intervals for F ST were determined by bootstrapping over loci. For each bootstrap replicate, the mean F ST value was calculated from the neutral loci sampled, and from that the predicted w 2 distribution of F ST was determined from the Lewontin-Krakauer approach (Lewontin and Krakauer, 1973) . Q ST was considered to be statistically different from F ST when 95% confidence intervals of Q ST did not overlap 95% confidence intervals of F ST (Sahli et al., 2008) . The mean survival and growth values per population in the last year of measurement were calculated in the four common gardens to detect spatial and climate patterns of genetic differentiation using regression analyses.
RESULTS
Landscape characterization
The chronostratigraphy of the sampling locations for P. canariensis showed significantly younger geological events than the accepted dates for the emergence of the islands (Table 1 ). The oldest substrates are located in the South of Gran Canaria (Arguineguin, 11.6 My BP), assuming that the lavae and pyroclastic emissions of the Roque Nublo volcanic episode (c. 5.5-3.5 My BP) did not cover the entire south of the island (Anderson et al., 2009) . In Tenerife, the oldest substrates with pines are at the NE, in the region of the Anaga Massif (5.4-4.5 My BP). The remainder of the Tenerife pine populations occur in substrates that date back to B1.2 My BP, in areas of low Al, or in areas, associated with the Cañadas volcanic episode (c. 0.7 My BP). The few pines in La Gomera occur in old substrates of c. 8 My BP. La Palma and El Hierro are the youngest Canary Islands. La Palma has two types of substrates, 1.6 My BP in the North and o0.65 My BP corresponding to the collapse of the Caldera de Taburiente and historical volcanic activity. Recent active volcanism and landslides (40.02 My BP) characterize the geology of El Hierro.
Climate data from available databases were summarized in three PCs that explained 84.9% of the variance of the complete data set (Supplementary Material Appendix 1, Supplementary Tables A2 and 3). PC1 (55.1%) was similar to an aridity index, with mild, wet climates at one end and dry, hot climates at the other. PC2 (20%) was positively related to Al, T ar , maximum temperatures (T max ) and summer potential evapotranspiration (ETP sum ) and was negative for all the measures of rainfall, P sp , P sum , P au , P win , T min and ETP win . PC3 (12%) reflected mainly solar radiation, T sum and T max . The Sa was Evolution of Pinus canariensis U López de Heredia et al strongly correlated with longitude (r ¼ 0.86; Po0.001); therefore, we considered that they were redundant variables. PC1 was correlated with both latitudes (r ¼ À0.61; Po0.01), evidencing the contrasting habitats in N and S slopes of the islands, and Sa (r ¼ 0.55; Po0.05), with the oldest locations being the most arid. PC2 was also correlated with latitude (r ¼ 0.55; Po0.05).
Haplotype estimation and genetic diversity
The total combined length of nuclear genome screened was 3819 bp, of which 1684 bp corresponded to introns and 2135 bp were in coding regions (Table 2) . A total of 163 SNPs were identified, of which 30 exhibited significant variation in their frequencies among populations (Table 3) . One hundred nine SNPs corresponded to silent mutations (synonymous substitutions and SNPs in non-coding positions), with 54 non-synonymous mutations. GapCp, eph and cad sequences showed indels at very low frequency and they were not considered in haplotype estimations.
After removing potentially biased sequences of low quality, a total of 1050-1068 phased haplotypes were inferred for each gene (total number of sequences ¼ 8470) covering the entire distribution of P. canariensis. Two haplotypes per gene per sampled tree were obtained in each population, resulting in 48-52 sequences per population per gene in the 21 densely sampled populations (Table 3) . Whereas nucleotide diversity per site based on the number of segregating sites ranged between y W ¼ 0.005374 for cad and y W ¼ 0.010227 for eph, nucleotide diversity per site based on the average number of pairwise differences between sequences only varied between y p ¼ 0.000533 for phy and y p ¼ 0.005035 for lp3-3 (Table 3) . As for the nucleotide diversity estimates, the number of haplotypes h and the haplotypic diversity Hd were variable between genes and populations (Table 3 Neutrality tests performed for gene sequences generated contrasting results depending on the method of choice (Table 3) . Whereas Tajima's D and normalized E resulted in negative and significant values for phy (Po0.001), eph (Po0.001) and GapCp (Po0.05), normalized H was not significant for any gene, indicating a sudden expansion of P. canariensis size rather than purifying selection or recent selective sweeps for those genes. The MFDM test only resulted in significant deviation from neutrality for CCoAOMT (Po0.05; Table 3 ).
Population genetic structure and gene flow Mixture analysis across all genes with BAPS showed the presence of four genetic clusters that occur in all the islands (Figure 1) , with some degrees of spatial structure. Cluster 1 was found predominantly in El Hierro but was also present in the other islands. Clusters 2 and 3 were more frequent in Gran Canaria and Tenerife than in La Palma and El Hierro. Cluster 4 was very infrequent in Gran Canaria.
Analyses of molecular variance for each gene showed very high within-population diversity (488% of variation) and very low diversity among populations (o6% of variation). The percentage of genetic variation among islands ranged from 0.76% for eph to 8.14% for GapCp. This weak geographic structuring of genetic diversity is in agreement with the nonsignificant Mantel values between the matrices of pairwise F ST and of spatial distances (P40.3) and with the results of the MIGRATE software. The estimated migration parameters were very high among all populations (M mean ¼ 195.4; s.d. ¼ 78.5), irrespective of their geographic distance. Effective population sizes were estimated to be higher in the more recent and less stable islands and showed some significant positive correlations with latitude (r ¼ 0.45; Po0.033). The complete migration matrix and effective population size estimates are in Supplementary Material Appendix 3, Supplementary Table A1.
Environmental and temporal variation of genetic diversity Strong negative correlations between Sa and both H d and g rare were found for both GapCp (r ¼ À0.83; Po0.0001; r ¼ À0.77; Po0.0003; Figures 2a and b) and eph (r ¼ À0.50; Po0.019; r ¼ À0.53; Po0.012). For the other six genes, the Spearman Rank correlation coefficient between Sa and H d was nonsignificant (ro0.50). Eleven SNPs in the coding region and 19 SNPs in the non-coding region showed significant among-population variation in frequency (45%). The frequency of six SNPs showed highly significant Spearman's Rank correlation coefficients with Sa: rps10_271c (Figure 2c ), rps10_327t, GapCp219a (Figure 2d ) in the intron regions; and pal73c, pal274c (Figure 2e ) and eph285c (Figure 2f ) in the coding region. The SNPs rps10_271c, rps10_327t, pal73c and pal274c also showed significant correlations (r40.50) with the environmental component related to aridity PC1. Two SNPs (cad203g and cad248t) were found to be correlated with the Abbreviations: h, number of haplotypes; Hd, haplotype diversity; N, number of haploid sequences; n.s., nonsignificant; Nsyn, number of non-synonymous SNPs; y p , nucleotide diversity per site based on the average number of pairwise differences between sequences (Nei, 1987) ; y W , nucleotide diversity per site based on the number of segregating sites S (Watterson, 1975 ; Silent, number of synonymous and SNPs in non-coding positions (the number of SNPs with significant among-population changes in frequencies 45% is indicated in brackets); SNP, single nucleotide length polymorphism; Tajima's D (Tajima, 1989) , normalized H (Fay and Wu, 2000) and normalized E (Zeng et al., 2006) , neutrality test statistics; MFDM, significance of the MFDM test (Li, 2011) . ***Po0.001; **Po0.01; *Po0.05.
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environmental component PC3 (r40.60). The BayeScan analysis identified four SNPs (pal31, pal355, lp3-3_107 and lp3-3_108)
showing negative values of a, suggesting that they were potentially subjected to balancing or purifying selection. However, none of these SNPs showed significant correlations with environmental components or Sa. Therefore, we cannot discard the null hypothesis of historical demographic events, such as genetic drift associated with bottlenecks, driving the geographic structure of genetic diversity.
Evidence for local adaptation Whereas selection and local adaptation processes could not be inferred from landscape analyses of nuclear genetic variation, growth and survival were found to differ among populations in the drier common gardens (Supplementary Material Appendix 1, Supplementary Table A12) . Q ST values ranged between 0.077 (0.12; Po0.001) for height and 0.225 (0.08; Po0.001) for survival considering the narrow sense heritability of 0.2. Q ST and F ST values did not differ significantly for height, diameter and frequency of second flush; however, for survival the average Q ST value was significantly higher than F ST in the range (0.2-0.8) of heritability, suggesting that populations displayed more differentiation than would be expected by drift alone. The correlation analysis with environmental traits revealed strong, significant clines in the drier common gardens: xeric populations showed higher survival rates than populations from wet locations (Po0.001; Figures 2g and h) . Moreover, height in the driest common garden increased significantly with aridity of the population.
DISCUSSION
The combined use of nuclear gene sequences and phenotypic measures from common gardens offers new insights on the evolution and ecology of P. canariensis on the Canary Islands. The analysis of nuclear genes from many individuals per population across the entire range of the species has revealed the effect of geological events on the E-W directional colonization of the islands as new substrates were generated by volcanic activity or landslides.
Phenotypic measures in common gardens have evidenced local adaptation in response to aridity, despite the high levels of gene flow among populations.
Evolution of P. canariensis is driven by volcanic activity
The volcanism responsible for the formation of islands has had a major impact on the genetic diversity and demography of P. canariensis, as shown by the fossil record and patterns of variation among nuclear genes. The oldest pine fossils in the Canarian Archipelago have been found as early as 13.5 My BP in Tirajana, soon after the emergence of Gran Canaria (García Talavera et al., 1995) . Pleistocene fossils have been found in La Palma (1.2 My BP), suggesting quick colonization after the island emergence, and in Tenerife À0.6 My BP, roughly at the time of the Phase III of the central Cañadas Edifice (Ancochea Soto et al., 1999) . The correlations between diversity parameters and haplotype/SNP frequencies with Sa suggest that the volcanic history of the Canary Archipelago is a major factor of the evolution of P. canariensis. The effective population size and both haplotype diversity and the frequency of rare haplotypes for the genes that showed correlations with Sa (GapCp and eph) were higher in the youngest (La Palma, El Hierro and Tenerife) than in the oldest substrates of the Canary Islands (Gran Canaria). However, a statistical association between environmental heterogeneity and genetic polymorphism does not necessarily mean that the polymorphism is adaptive (Pamilo, 1988) . Our results with the MFDM test (Li, 2011) revealed that indirect demographic effects, such as a probable bottleneck produced by the catastrophic volcanic episodes of the Roque Nublo eruptive period (c. 5.5-3.5 My BP), may have shaped observed genetic diversity patterns in P. canariensis. Since the Roque Nublo episode, Gran Canaria has been more stable in terms of volcanic activity (Anguita et al., 2002) ; however, the impact of human activity and xericity on pine populations is higher than in the other islands (Ló pez de Heredia et al., 2010) . High pollen and seed dispersal ability allow for a fast recovery of the genetic diversity of P. canariensis populations after volcanic disturbance (Navascués and Emerson, 2007) . Moreover, recent dendroecological analysis of buried trunks Evolution of Pinus canariensis U López de Heredia et al in the volcano of San Juan in La Palma points to the possibility of the maintenance local populations close to an emission cone, given the ability to re-sprout when the depth of the pyroclast layer does not completely bury the trees (Rodríguez Martín et al., 2013) .
Despite the small area covered by the species, BAPS has shown that there is not a single genetic pool but four genetic groups that are not clearly geographically structured. A similar pattern was also found for nuclear gene analysis in P. sylvestris in Scotland (Wachowiak et al., 2011) , suggesting that admixture of populations with different demographic histories has played a role in shaping current genetic diversity patterns.
In recent times, P. canariensis has undergone population expansion processes. Using chloroplast microsatellites, Navascués et al. (2006) estimated the expansion times of several P. canariensis populations using as calibration points the time of emergence of the islands and the time of expansions of a pine specialist endemic weevil Brachyderes rugatus (o2.6 My BP; Emerson et al., 2000 Emerson et al., , 2006 . Consistently, our comparison of Tajima's D test and normalized H has shown evidence of recent range expansions. P. canariensis is a colonizing species with high dispersal potential (Ló pez de Heredia et al., 2010) that invades poor soils-that is, salic volcanic substrates with very dry environments that arboreal angiosperms are unable to inhabit Evolution of Pinus canariensis U López de Heredia et al (Aboal et al., 2000) and where competition is very low. The reduction of the laurisilva forests (Parsons, 1981) ; the disappearance of the thermophilous forest (de Nascimento et al., 2009 ) and the gradual rise of the timberline (Leuschner, 1996) enable pine to colonize ecological niches that formerly could not be occupied (VVAA, 2011) .
Local adaptation to arid environments despite high levels of gene flow Weak patterns of population structure and high historical gene flow estimates between distant populations were found for P. canariensis, consistent with high contemporary gene flow by pollen and seed (Ló pez de Heredia et al., 2010) and for other coniferous species Eckert et al., 2010b) . Molecular studies based on chloroplast DNA variation have revealed that gene flow is significant along elevational transects (Navascués and Emerson, 2007) but that some level of genetic differentiation, suggested by the presence of private chloroplast DNA haplotypes, was maintained among valleys (Gó mez et al., 2003) . Nuclear genes have shown the same pattern of one or two very frequent haplotypes and many private haplotypes in each population, resulting in equally very high migration parameter estimates between both close and distant populations. In addition, analyses of molecular variance revealed that only a small amount of genetic diversity was related to differences among islands, suggesting high gene flow at a regional scale. Despite that some bias may exist in gene flow estimation due to the lack of mutation-drift-migration equilibrium for P. canariensis, results are consistent with the high local seed and pollen dispersal for the species (Ló pez de Heredia et al., 2010). Despite gene flow being commonly viewed as a homogenizing force for genomic variation, long distance gene flow can also promote adaptive evolution in novel environments by increasing genetic variation for fitness (Kremer et al., 2012) . As genetic variance increases, local populations are better able to respond to local selection (Barton, 2001) , and this would seem to be a plausible explanation for P. canariensis. A recent analysis of hydraulic traits and three of the genes used in the present study (CCoAOMT, lp3-3 and cad) among eight populations growing in two common gardens has demonstrated that divergent selection is operating on hydraulic traits, particularly in vulnerability to cavitation, in response to aridity (Ló pez et al., 2013) . Other traits, such as heteroblasty or biomass allocation (Ló pez et al., 2009) , have also shown some degrees of correlation with xericity. In the present study, we provide additional support for local adaptation to arid conditions by the analysis of survival across 19 populations tested in four common gardens and by testing the neutrality of eight nuclear genes in order to perform comparisons between F ST and Q ST values.
Neutrality tests did not reveal deviation from neutral patterns that could be attributed to selection. This lack of signature of selection is not unexpected because most of the analysed genes code for basal metabolic pathways, such as lignin development in the cell wall formation (pal, CCoAOMT, cad), photosynthesis (phy and GapCp) or protein synthesis (rps10). We have already shown that the correlation of some nuclear genetic diversity patterns with the climatic and chronostratigraphic variables tested in this study is compatible with demographic events associated with historical events, particularly with volcanic episodes. An alternative hypothesis to explain the correlations between aridity and some of the SNP frequencies is genetic hitch-hiking-that is, positive directional selection operating at a single locus that is partially linked to a neutral polymorphism (Maynard Smith and Haigh, 1974) . It is noteworthy that two genes involved in the responses to drought (lp3-3) and lignin development showed two SNPs each, potentially subjected to balancing selection. These SNPs did not show any correlation with aridity gradients in agreement with the lack of selection evidence found for this candidate gene in the Mediterranean pines P. pinaster and P. halepensis (Grivet et al., 2011) .
However, despite the lack of signatures of selection on the nuclear genes and the high gene flow levels, the correlation of survival with PC1 and the comparisons between phenotypic Q ST and neutral F ST estimates evidence some degree of local adaptation for P. canariensis related to aridity. Survival was higher in the populations from arid environments than in those populations from mesic locations. Contemporary clinal variation in adaptive traits along environmental gradients shown in many tree species suggests that local adaptation can occur during rapid migration over just a few generations (Mimura and Aitken, 2007) and is inherent to the colonization process. It should be noted that because of climate changes and population movements over evolutionary time, the current values of climate variables may be only partially correlated with the long-term climatic conditions experienced by each population. Hence, it is very likely that the local adaptation processes that we have detected are due to recent climatic changes towards more xeric conditions (VVAA, 2011) or to the colonization of new habitats.
Perspectives in a global change scenario
We have demonstrated two key determinant variables in the ecology and evolution of P. canariensis: (1) volcanic activity and (2) aridity. Both factors are still operating in the Canary Islands. Volcanic activity has been recorded in Tenerife and La Palma in the last century and very recently in El Hierro. When the effects of such volcanic events are not overly destructive, P. canariensis is one of the plant species in the islands that benefits most, due to its resiliency and colonizing character. Interestingly, new ecological niches created by volcanic activity (that is, salic soils) are related to edaphic aridity because water from precipitation percolates. In these sites, P. canariensis is more competitive than other arboreal species in the Canary Islands.
The humid environment produced by the sea of clouds may mitigate the effect of edaphic drought in the northern slopes of the islands. However, in southern slopes at low Al, aridity has a major role. The ability of P. canariensis to locally adapt is essential for the maintenance of the species in those areas. Further research should be focused on the identification of candidate genes implied in the mechanisms to face the increasing xeric scenarios that will become more and more abundant in the near future in the Canary Islands (VVAA, 2011).
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